An important control point for gene regulation is the frequency of initiations leading to different numbers of RNA polymerases simultaneously transcribing the same gene. To date, the only direct assay for multipleround transcription by RNA polymerase II in vitro required G-free cassette-containing templates and GTPfree conditions and was thus restricted in application. Here we used instead templates containing a triplexdirected interstrand psoralen-DNA cross-link to block RNA polymerase II elongation at a specific location. Covalently cross-linked templates allowed simultaneous detection of both specific initiation and reinitiation with any combination of promoter and transcribed sequence. In reconstituted systems, identical stacking of RNA polymerases was observed when the first polymerase was halted by GTP deprivation at the end of a G-free cassette or by a covalent cross-link downstream of different transcribed sequences. In contrast to transcription of G-free cassettes, reinitiation was unaffected by the transcription factor SII on sequences containing all four nucleotides. In crude nuclear extracts, transcription of covalently crosslinked templates yielded a reinitiation pattern with a wider spacing than in more purified fractions, indicating that the elongation complexes from nuclear extract contained a different form of RNA polymerase II or a different complement of associated factors.
INTRODUCTION
In eukaryotic cells, the regulation of transcription initiation critically influences the different levels of gene expression. Extensive progress has been made in the purification and cloning of general and gene-specific factors involved in specific transcription initiation by RNA polymerase II (RNAPII), and in identifying the roles of these proteins in different steps in the initiation process (1) (2) (3) (4) . However, even though eukaryotic genes are transcribed at tremendously different levels in vivo, little is known about the mechanisms that control the frequency of initiations at different promoters.
The difficulty in assaying transcription reinitiation by RNAPII in vitro has hampered progress in this area. Typically, only a fraction of templates is transcribed during in vitro reactions, so quantitation of transcripts does not provide a measure of the number of specific initiation events per template. Various indirect methods of determining reinitiation have been used (4) (5) (6) (7) (8) (9) (10) . For example, the detergent Sarkosyl can block reinitiation after a single round of transcription from preassembled initiation complexes (4, 5, (7) (8) (9) (10) , but undesired additional effects of Sarkosyl interfere with its use (7) . A more direct approach for investigating reinitiation by RNAPII uses templates containing G-free cassettes (11, 12) . On such templates, the initial transcribing RNA polymerase stops at a discrete point at the end of the G-free region when GTP is withheld, and the polymerases from succeeding rounds stack behind the previous ones, producing transcripts shorter by uniform intervals (12, 13) . The colliding polymerases reinitiation assay (CoPRA) is based on electrophoretic separation of these transcripts from consecutive rounds of initiation at a promoter. CoPRA is a direct assay for reinitiation since the number of completed rounds of transcription can be counted and the amount of transcription during each round can be measured.
The use of G-free cassette-containing templates for analysis of multiple-round transcription by CoPRA offers the advantage of a very low background by minimizing non-specific initiations and eliminating transcription from spurious promoters. However, because the assay is sensitive to even minute amounts of GTP, reinitiation in nuclear extracts and other GTP-containing fractions cannot be examined, nor is it possible to analyze transcription of natural DNA sequences containing all four nucleotides. These restrictions may affect the real or observed reinitiation properties in some cases. For example, cloning of a promoter upstream of a G-free cassette can result in the loss of essential promoter elements such as the initiator or downstream elements such as MED-1 (14, 15) . Transcription of G-free sequences may also affect the elongation properties of RNAPII. To eliminate these constraints and permit analysis of multiple-round transcription by CoPRA under a wider variety of conditions, we considered alternative methods to block the initial RNAPII at a specific site in the transcribed region.
Sequence-specific DNA-binding proteins such as the lac repressor can efficiently block RNAPII elongation (16) (17) (18) and could thus be considered for use in CoPRA. However, in *To whom correspondence should be addressed. Tel: +1 713 794 1281; Fax: +1 713 794 4295; Email: msawadog@notes.mdacc.tmc.edu reconstituted systems, elongation factor SII enables virtually quantitative readthrough of RNAPII through the lac repressor block (19) . The usefulness of such reversible blocks for CoPRA analysis would thus be restricted to fractions lacking SII and other factors with uncharacterized effects on the elongation properties of RNAPII. We therefore decided to focus instead on a more permanent block. We prepared templates in which RNAPII elongation could be stopped by an interstrand DNA cross-link introduced by a psoralen-modified oligodeoxyribonucleotide targeted to a specific site through purine-motif triple-helical DNA (triplex) formation (20) . Here, we report the characterization of multiple rounds of in vitro transcription at these cross-linked templates in reconstituted systems and crude nuclear extracts.
MATERIALS AND METHODS

Plasmids and oligodeoxyribonucleotides
To construct plasmids containing a triplex-forming region downstream of various RNAPII promoters, an oligodeoxyribonucleotide of the following sequence was synthesized and amplified in double-stranded form by polymerase chain reaction:
d(ACTCTTCTCCTA[C 3 TC 4 TC 4 TC 3 T](A,C,T) 20 ACATCC-CGGGGTCTAGAGC). The XbaI recognition sequence is indicated by bold letters, the site of cross-linking is underlined, and the triplex-forming cassette (TFC) is bracketed. (A,C,T) 20 refers to a randomized 20-nt G-free region. To construct the pDGX9 template, which contains the adenovirus major late (ML) promoter upstream of a G-free region including the TFC, the PCR product was digested with XbaI and ligated into pML(C 2 AT) 19 (11) digested with SmaI and XbaI. On sequencing this plasmid, it was found that pDGX9 lacked one nucleotide adjacent to the cross-linking site, so that the actual sequence at that location is CTCTTCTCTA. Plasmid pTFRKS2 was designed as a cloning vector and constructed in the same way, with the TFC-containing insert placed into a pBKS -vector (Stratagene) digested with SmaI and XbaI. Template pGLX1, with five upstream Gal4 binding sites, the adenovirus E1b TATA box, and a downstream cross-linking site following chloramphenicol acetyltransferase (CAT) sequences, was constructed by inserting the end-filled NcoI-XhoI fragment from pG5E1bCAT (21) into pTFRKS2 digested with XhoI and EcoRV. The pGLX2 derivative containing a shorter transcribed region was produced by partial digestion of pGLX1 with EcoRI and religation. All plasmid sequences were verified by dideoxy sequencing.
Cross-linking
Synthesis and purification of the G/T-rich 19mer triplex-forming oligodeoxyribonucleotide (TFO) having a 4′-(hydroxymethyl)-4,5′,8-trimethyl psoralen moiety covalently attached to the 5′ end have been described (20) . This psoralen-containing triplex-forming oligodeoxyribonucleotide (PTFO; 1.3 × 10 -6 M) was incubated with TFC-containing plasmids (2.6 × 10 -7 M) for 90-150 min at 30_C in a buffer containing 20 mM Tris pH 7.9, 12 mM MgCl 2 and 0.02% Triton X-100. After triplex formation, interstrand DNA cross-linking was achieved by irradiating 10-µl aliquots with 365 nm UV light from a 6 W hand-held lamp placed 10 cm above a microtiter plate on ice. The excess oligodeoxyribonucleotide was removed by purification on a Sephadex G50-80 gel filtration column.
In vitro transcription
Recombinant TFIIB, SII and TBP were prepared as previously described (22) . The purified proteins were diluted in BC100 (20 mM Tris pH 7.3, 0.2 mM EDTA, 20% glycerol, 100 mM KCl) containing 1 mM dithiothreitol and 0.1% Triton X-100. HeLa nuclear extract (23) and transcription factors TFIID and TFIIE/ F/H were prepared by published procedures (11, 24) . Calf thymus RNAPII was purified to the ammonium sulfate pellet stage as described by Hodo and Blatti (25) . The ammonium sulfate pellet was resuspended into TGAED150 buffer (50 mM Tris pH 7.9, 25% glycerol, 0.1 mM EDTA, 0.5 mM dithiothreitol and 150 mM ammonium sulfate), loaded onto Fast Flow Q (Pharmacia) and eluted with TGAED800 (800 mM ammonium sulfate). The Fast Flow Q eluate was chromatographed on Bio-Gel P-6DG (BioRad) to change the buffer to TGAED150 and chromatographed on Mono Q (Pharmacia). For G-free reactions, ATP, CTP and UTP were purified by chromatography on Polyanion SI (Pharmacia) to remove any trace of contaminating GTP.
Reconstituted transcription reactions (25 µl) contained 50-60 mM KCl, 10-15 mM NH 4 SO 4 , 12 mM Tris (pH 7.3 at 25_C), 12% glycerol, 3.6% (w/v) polyethylene glycol 8000 (PEG), 40 mM HEPES (pH 8.4), 7.5 mM MgCl 2 , 0.12 mM EDTA, 4 mM dithiothreitol, 0.6 mM ATP and UTP, 25 µM [α-32 P]CTP (5000-10 000 c.p.m./mmol) and 8 U recombinant ribonuclease inhibitor (RNasin, Promega). These reaction mixtures also contained TFIIB, TBP or TFIID, TFIIE/F/H and RNAPII in the amounts stated in the figure legends. Units of transcription factors were determined in specific transcription reactions, while the units of RNAPII were determined in nonspecifically initiated transcription reactions (11) . Transcription in HeLa nuclear extract (12-14 µl) was carried out under the same conditions, except that PEG and RNasin were omitted and that the labeled nucleotide was usually UTP instead of CTP. All templates were transcribed at 4 µg/ml unless otherwise indicated. When present, GTP was always 10 µM, RNase T1 was 0.4 U/µl, recombinant SII was 0.6 ng/µl and Gal4-VP16 (26) was 2 ng/µl. The transcription reactions were incubated at 30_C for the indicated times and the transcripts prepared for electrophoresis through 4.5% polyacrylamide gels (23) .
RESULTS
Elongation by RNAPII is efficiently blocked by a triplex-directed psoralen cross-link
Earlier studies indicated that a DNA-psoralen cross-link, when directed to a specific DNA sequence by an oligodeoxyribonucleotide covalently linked to psoralen, could irreversibly block RNAPII elongation at the location of the cross-link (20, 27, 28) . Here, we used templates in which the transcribed sequences were interrupted by a triplex-forming DNA sequence (TFC) adjacent to an optimal psoralen cross-linking site, 5′-TA-3′ sequence. Attachment of a trimethylpsoralen moiety via a C6 linker to the 5′ end of a complementary G/T-rich triplex-forming oligodeoxyribonucleotide allowed precise targeting of a covalent interstrand cross-link just upstream of the triplex region (Fig. 1A) . These reagents and conditions for triplex formation and crosslinking were previously shown to provide high binding specificity and affinity and a high quantum yield for DNA photo-crosslinking (20) . The preparation of cross-linked templates and their use to investigate specific transcription initiation and reinitiation by RNAPII in vitro are schematically represented in Figure 1B .
To clearly distinguish the block to RNAPII elongation, transcription of cross-linked templates was initially carried out at the adenovirus ML promoter under conditions giving mainly a single round of transcription per template (22) . Template pDGX9 was constructed to contain the ML promoter adjacent to a 443-nt G-free region including the (G-free) TFC ( Fig. 2A) . To further simplify the analysis, initial experiments were performed in the absence of GTP. At unmodified pDGX9, RNAPII molecules halted by the lack of GTP produced the expected 443-nt transcript corresponding to the entire length of the G-free region (Fig. 2B,  lane 1, upper arrow) . The major RNAPII transcript produced from cross-linked pDGX9 was about 46 nt shorter than the G-free transcript, indicating that RNAPII transcribed this template up to the location of the covalent cross-link at position +397 (lane 4, lower arrow). A second, weak band corresponding to transcription of the entire G-free region (443-nt, upper arrow), observed on long exposure, included readthrough transcripts, if any, and transcripts from un-cross-linked templates in the preparation.
Comparison of the intensities of the 397 and 443-nt transcripts (measured by densitometry and corrected for label incorporation) gave a lower limit of 90% for the blocking efficiency of the covalent cross-link. As controls, two pDGX9-derived templates were also transcribed, which contained either un-cross-linked PTFO or the corresponding oligodeoxyribonucleotide lacking the psoralen moiety. Both of these un-cross-linked triplex structures also inhibited transcription elongation by RNAPII, resulting in transcripts similar in size to the 397-nt transcript obtained from the cross-linked template (Fig. 2B, lanes 2 and 3) . However, the covalent cross-link blocked elongation more efficiently than either the PTFO-containing (lane 3) or the TFO-containing template preparations (lane 2) with lower limits of blocking efficiency of 84 and 63%, respectively. These results demonstrated that triplex-mediated covalent cross-links provided an efficient way to block RNAPII elongation and thereby produce specifically initiated transcripts of a discrete length from uncut templates.
The covalent elongation block is insensitive to nucleotides and can be used in crude extracts
In the presence of all four nucleotides, transcription at unmodified pDGX9 templates was no longer restricted to the G-free region and accurately initiated transcripts were heterogeneous in length (Fig. 3A, lane 2) . These longer transcripts were reduced to a product identical in length to the G-free region by addition of RNase T1 (lane 3, upper arrow). At cross-linked pDGX9, the expected 397-nt transcript resulting from accurate initiation at the ML promoter and elongation to the cross-link was clearly observed even in the presence of GTP (lane 5, lower arrow). However, background transcription from initiations elsewhere than the ML initiation site was considerably higher than in reactions without GTP (lane 4) or with GTP and RNase T1 (lane 6). From these results, we concluded that the cross-link block to RNAPII elongation was unaffected by nucleotides and could therefore be used as a general means to obtain discrete transcripts on any DNA sequence.
To assess the utility of cross-linked templates in efficiently blocking RNAPII elongation even in very crude systems, transcription was carried out in unfractionated HeLa nuclear extract (Fig. 3B) . At unmodified pDGX9, no major band corresponding to the length of the G-free region was observed even without added GTP, demonstrating that the extract contained an endogenous level of GTP sufficient for readthrough (Fig. 3B, lane 1) . In contrast, transcription of cross-linked pDGX9 yielded a major discrete transcript of the expected size (397 nt), indicating an efficient block to RNAPII elongation at the location of the cross-link (lane 2). Additional smaller transcripts also produced in this reaction could be attributed to a low level of reinitiation (see below). Addition of exogenous GTP to the nuclear extract reactions did not substantially affect the appearance of the specific transcripts (lane 4). These experiments demonstrated that cross-linked templates were an efficient method to produce discrete transcripts from uncut templates even in crude systems.
Cross-linked templates allow observation of reinitiation
Regularly spaced, decreasing length transcripts from G-free cassette-containing templates can be used to evaluate reinitiation efficiency (13, 22) . Efficient reinitiation was expected to give a similar pattern of decreasing length transcripts when elongation of the first RNAPII was blocked by a psoralen cross-link instead of nucleotide deprivation (Fig. 1B) . To investigate the utility of cross-linked templates in analyzing multiple-round transcription by CoPRA, we first used the pDGX9 template with a cross-link within the G-free region, which allowed comparison to the well-characterized G-free CoPRA assay (Fig. 4) . When transcription was carried out under conditions favoring multiple rounds of initiation (22) , the transcription reinitiation pattern at unmodified pDGX9 under GTP-free conditions was typical of that observed for other G-free templates (12) , with regularly spaced transcripts at 27 ± 3 nt intervals (Fig. 4, lane 1) . This constant interval between transcripts reflects the length of DNA occupied by an elongating polymerase under these conditions. A very similar pattern of successive transcripts resulted from transcription by RNAPII at cross-linked pDGX9 (Fig. 4, lane 3) , suggesting that the polymerases stacked similarly at both types of elongation blocks.
Most RNAPII elongation complexes arrested by nucleotide deprivation were found capable of resuming elongation after addition of GTP (12) . For the DNA cross-link block, a similar experiment to evaluate the activity of the arrested complexes was not possible. However, it was noteworthy that the same pattern of shorter transcripts was obtained when the cross-linked pDGX9 template was transcribed in the presence of all four nucleotides instead of GTP-free conditions (Fig. 4, compare lanes 3 and 5) . With GTP present, background levels increased considerably but the relative intensities of the successive transcripts remained unchanged and their spacing was essentially identical (29 ± 2 nt and 32 ± 4 nt without and with GTP, respectively).
In earlier studies, RNAPII complexes resulting from reinitiation events were shown to require transcription elongation factor SII to fully elongate, while those from the first round of initiation were SII independent (22) . We therefore examined the effect of SII on reinitiation at cross-linked pDGX9 (Fig. 4) . Without SII, in addition to the full-length RNA, a transcript near the position of the second-round transcripts and several shorter, heterogeneous transcripts were observed (lane 2). Addition of SII resulted in the disappearance of most of these heterogeneous transcripts and the simultaneous appearance of the complete reinitiation pattern (lane 3). The importance of SII for production of the reinitiated transcripts at cross-linked pDGX9 was unaffected by the addition of GTP (compare lanes 4 and 5). This result demonstrates that the SII requirement for efficient reinitiation at G-free cassette templates is not a consequence of the use of GTP-free conditions.
Multiple-round transcription at cross-linked templates containing natural DNA sequences
By eliminating the constraint of working with a subset of nucleotides, cross-linked templates should permit investigation of reinitiation for any combination of promoter and transcribed sequence. Previous studies using different G-free cassette templates had indicated that many promoters were able to direct reinitiation in vitro (12) . Consistent with both of these ideas, regularly spaced transcripts indicative of efficient reinitiation were readily observed at cross-linked templates containing the E1b promoter driving transcription through CAT gene sequences (Fig. 5) . On two different E1b templates, pGLX1 and pGLX2, the reinitiation patterns were not only comparable to one another but also strikingly similar to the patterns observed with G-free cassette templates (compare Figs. 5A and B and 4). The average interval between successive transcripts at the two E1b templates (30 ± 5 nt) was also very similar to the constant interval observed at pDGX9 but with a slightly more variable spacing (25-30 nt for pGLX1 and 25-34 nt for pGLX2), which may reflect preferred positions or conformations of stacked polymerases on natural DNA sequences. Taken together, these results demonstrated that cross-linked templates provided a straightforward and powerful method to investigate reinitiation at different promoters and transcribed sequences.
Interestingly, and in contrast to the results obtained with G-free cassette templates, reinitiation at pGLX1 and pGLX2 did not require elongation factor SII. Furthermore, SII did not significantly affect the spacing or relative intensities of the transcripts from different initiation rounds (Fig. 5B ). This observation indicated that the SII requirement for efficient reinitiation at G-free cassette templates is not a general phenomenon. Instead, the variable effect of SII associated with multiple-round transcription of different templates may reflect the fact that the elongation properties of RNAPII are strongly sequence dependent.
Multiple-round transcription in nuclear extract
Transcription of cross-linked pGLX1 in HeLa nuclear extract produced, in addition to the full-length transcript corresponding to the cross-link position, several smaller transcripts characterized by a regular interval and decreasing intensities (Fig. 6A) . In many respects, these multiple transcripts resembled the wellcharacterized reinitiation pattern observed in fractionated systems. However, a noticeable difference was that the spacing between transcripts was considerably larger in nuclear extracts (44 ± 6 nt for pGLX1, as compared to 30 nt on average for the reinitiated transcripts in reconstituted systems). Additional experiments were therefore carried out to verify that the smaller transcripts from nuclear extract were also reinitiation products.
First, the possibility of incomplete elongation or transcript degradation was excluded by carrying out a run-off transcription assay with un-cross-linked pGLX1 linearized at a unique NotI site downstream of the TFC (Fig. 5A) . In that reaction, the expected 653-nt run-off transcript was produced and smaller transcripts were not observed (Fig. 6B) . Second, cross-linked pGLX1 was transcribed in nuclear extract under conditions expected to minimize reinitiation, namely high template amounts, preincubation with excess TATA-binding factor (TBP), and omission of the Gal4-VP16 transactivator. As shown in Figure 6C , under these conditions, transcription of cross-linked pGLX1 in nuclear extract was overwhelmingly restricted to a single round and only the full-length transcripts were produced. Finally, we investigated the effect of Sarkosyl, a detergent known to inhibit reinitiation by RNAPII when added after preinitiation complex assembly (5,7). As illustrated in Figure 6D and E, Sarkosyl inhibited preferentially the production of the shorter transcripts in nuclear extract while the first-round transcripts were less affected.
Together, these results confirmed the assignment of the shorter transcripts produced in nuclear extract at cross-linked templates as reinitiation products and demonstrated the usefulness of cross-linked templates for observing multiple-round transcription in crude fractions. Given the significantly larger interval between successive RNAPII molecules when transcription was carried out in nuclear extracts as compared to reconstituted systems, our observations also indicated that a different form of polymerase was involved in the two systems or that a different complement of factors remained associated with the ternary elongation complexes. D) . In the presence of Sarkosyl, the transcripts from first, second and third round of initiation had intensities estimated at 62, 15 and 8% of the values observed in absence of Sarkosyl. Intensity of the fourth-round transcript could not be determined due to comigration with a non-specific product. Lanes M, 32 P-labeled pBR322/HpaII markers.
DISCUSSION
The efficient block to transcription elongation provided by a psoralen-mediated interstrand DNA cross-link allowed the development of an assay for specific transcription initiation and reinitiation by RNAPII. This novel assay has many attractive features. First, it is compatible with a variety of experimental conditions and allows the use of uncut templates. Second, it can be applied to any combination of promoter and transcribed sequences. Third, and most importantly, it allows analysis by CoPRA of multiple-round transcription in crude extracts as well as in reconstituted systems. Considering the importance of the reinitiation step in the regulation of RNAPII transcription (8, 10) , this last feature should prove particularly useful for mechanistic studies.
Our initial experiments were designed to allow comparison between the cross-linked template assay and the well characterized G-free CoPRA that uses a reversible elongation block. In the reconstituted system, the pattern and yield of transcripts at the pDGX9 template as well as the transcription factor requirement for efficient reinitiation were identical whether cross-linked templates or GTP-free conditions were used (Fig. 4) . This would suggest that the polymerases adopt similar or identical conformations at both blocks and that the same events occur on both templates. The reinitiation patterns observed with cross-linked templates containing natural DNA sequences were also strikingly similar to those characterized with G-free cassette templates, although in that case the interval between transcripts varied slightly from the 30-nt spacing consistently observed on G-free sequences (Fig. 5) . These more variable intervals may reflect a sequence-dependent preferred positioning of the blocked polymerases. However, non-ideal migration of incompletely denatured RNAs in polyacrylamide gels may also contribute to the variability of the reinitiation patterns.
Observation of reinitiation at cross-linked pDGX9 required transcription elongation factor SII, independently of the presence or absence of GTP. This result is consistent with earlier studies in which production of reinitiated transcripts at different promoters ahead of a G-free cassette required SII, even though first-round transcription was SII independent (12, 22) . At least two models, consistent with the role of SII in elongation, fit the different SII requirement for the initial versus the subsequent rounds of transcription of G-free sequences. First, the elongation properties of RNAPII complexes may vary with the round of initiation. Second, the first initiating RNAPII may interfere with a second round of initiation via an arrest site near the promoter (29) . 5′-proximal pausing of RNAPII is a common phenomenon on eukaryotic genes (30, 31) and may be a mechanism to control the frequency of reinitiation. On the other hand, the absence of an SII requirement on some transcribed sequences, as in the cases of the pGLX1 and pGLX2 templates (Fig. 5) , is not unexpected considering the sequence-dependent properties of this elongation factor (29, (32) (33) (34) .
Transcription of cross-linked templates in HeLa nuclear extract, especially in reactions containing the strong transcriptional activator Gal4-VP16, yielded a pattern of decreasing length transcripts strongly suggestive of multiple initiation events occurring at each active template (Fig. 6) . Multiple transcripts were also produced in nuclear extract from the cross-linked pDGX9 template, although the shorter transcripts were in that case less abundant and also somewhat more heterogeneous (Fig.  3B) . Several lines of evidence were used to confirm the assignment of the shorter transcripts produced from cross-linked templates in nuclear extract to reinitiation products. The possibility of inefficient RNAPII elongation or degradation by RNases was excluded by the demonstration that these shorter transcripts were not produced when the polymerases were allowed to run-off the template or when the reactions were carried out under conditions that minimized reinitiation. Also, the shorter transcripts were preferentially inhibited by Sarkosyl under conditions previously shown to inhibit reinitiation (5, 7) . Note however that the specificity of Sarkosyl for inhibiting reinitiation versus first-round initiation was far from perfect. Furthermore, the preincubation step necessary to monitor Sarkosyl inhibition was found to favor first-round initiation as opposed to reinitiation. These observations suggest that the results of many studies in which Sarkosyl was used as a means to quantitate reinitiation should be interpreted with some caution.
The reinitiation pattern observed in nuclear extract differed from that observed in more purified systems by the fact that the shorter transcripts were more widely spaced and also somewhat more diffuse, especially in the case of pDGX9. Addition of exogenous SII, transcription initiation factors, and RNAPII, individually or in combination, did not alter the reinitiation pattern at cross-linked pDGX9 in nuclear extract (data not shown). This wider interval between successive transcripts indicates that the polymerases in nuclear extracts do not stack as closely and as uniformly as do purified RNAPII molecules in reconstituted transcription reactions. This different stacking may reflect the presence in nuclear extract of different elongation components or modifications of the elongating RNAPII (35, 36) and possibly a heterogeneous population of elongation complexes.
